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Abstract Yttria-stabilized zirconia (YSZ)-based compo-
site electrolytes were produced by mixture and firing of the
base electrolyte, namely with silica, and silica and
lanthanum oxide, to study the impact of presence and
formation of new phases on the electrical performance of
the composite materials. Combined information obtained
from structural, microstructural, and electrical character-
ization confirmed the formation of an apatite-type solid
solution based on La9.33Si6O26. The effectiveness of
lanthanum oxide addition to remove silica by reaction
was demonstrated. However, the conductivity of the
composite electrolytes is lower than that of YSZ, probably
due to lanthanum zirconate formation in-between the
ceramic grains and/or relatively poor transport properties
of the formed lanthanum silicate phase. The adopted
procedure can be extended to other systems and
combinations of properties based on predictable phase
interactions.
Keywords Yttria stabilized zirconia . Lanthanum silicate .
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Introduction
Oxygen-ion conducting materials are needed for applica-
tions like solid oxide fuel cells (SOFCs), sensors, and
several other devices. Solid electrolytes with the fluorite
structure, namely based on ZrO2 and CeO2, were
extensively studied in the past [1–6]. The existing knowl-
edge on the defect structure of these materials provided the
basis for transport property design by appropriate doping.
Besides the fluorite-related classical systems, perov-
skites (LSGM) and perovskite-related structures (K2NiF4),
also the so-called BIMEVOX and LAMOX families of
materials, and the apatites derived from La10(SiO4)6O3 and
Ge-based analogues are a subject of interest for their high
ionic conductivity [5–25].
While the search for novel materials with improved
conductivity is still a major challenge, technological
developments face a variety of other constraints, namely
due to the cost of state-of-the-art electrolytes. One special
example is yttria-stabilized zirconia (YSZ). High-purity
powders that are able to sinter at modest temperatures
without sintering aids are quite expensive. Cheap and
lower quality powders usually include silica as a minor
impurity, but this secondary phase has a major impact on
the electrical properties, being responsible for a large grain
boundary impedance. This situation is not acceptable for
current-carrying devices like SOFCs, due to a dramatic
drop in efficiency related to ohmic losses. Furthermore, the
tendency to lower operating temperatures of SOFCs clearly
prevents the utilization of materials with poor grain
boundary performance.
Several years ago, the potential of alumina additions to
combine with silica was demonstrated [26]. Silica can be
removed from grain boundaries by formation of new
phases (e.g., mullite), or simply by preferential wetting of
alumina grains. This is known as the scavenger effect. The
only drawback of this solution is the insulating character of
these new phases, also with a negative influence on the
overall performance of these materials.
As already mentioned, in recent years, large attention is
being given to a family of materials with the apatite structure.
Lanthanum silicates with the apatite structure were found to
exhibit high oxygen ion conductivity. La10−x(SiO4)6O3−1.5x
is a key example of this new family of materials. Attempts to
change the ionic conductivity of these materials included
replacement of Sr for La, La deficiency, and replacement of
Al or Fe for Si. In general, materials with La deficiency and
more than 26 oxygen atoms per formula unit exhibit quite
large ionic conductivities [15–25]. Considering the interest-
ing performance of these materials, the potential combina-
tion of silica present in some YSZ powders, with formation
of apatite-type phases, was exploited in this work. For
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comparison, the combined role of alumina and silica
additions was also reviewed.
Experimental description
The starting (and reference) material in these experiments
was pure 8 mol% YSZ (from Tosoh). The remaining
compositions were prepared by addition of SiO2, (Merck),
Al2O3 (Alfa Aesar), and La2O3 (Aldrich). Before weigh-
ing, lanthanum oxide and silica were annealed in air at
1,473 and 873 K, respectively. Lanthanum oxide was
added in adequate proportions to fully combine with silica
and yield apatite (La9.33Si6O26). The nominal composition
of this apatite-type phase (assuming complete reaction
between silica and La2O3) was selected to provide
minimum La2O3 activity so as to minimize the tendency
for formation of a pyrochlore phase (La2Zr2O7), a known
reaction product from interaction between zirconia and
lanthanum oxide or lanthanum-containing materials (e.g.,
LSM or LSC, Sr-doped lanthanum manganite or cobaltite,
commonly used as cathodes for SOFCs [27, 28]). The
alumina to silica mole ratio was 2:1. No attempt was made
to optimize this ratio as this was a secondary activity in the
present work. However, lower alumina content would have
little potential for combination with silica. High alumina
additions prevent grain growth with influence on the
microstructural characteristics, desirably similar to the
remaining compositions for comparison.
One first set of compositions included additions of 5 mol%
SiO2, aiming at an easy identification of reaction products
(pyrochlore, apatite, or both), although this high silica
content is hardly typical of low-grade powders. One second
set of compositions, including only 0.5 mol% SiO2, tried to
reproduce in closer detail a typical impurity level of low-
grade powders. For the sake of simplicity, the different
composites will be named as YSZsil (YSZ + silica),
YSZapat (YSZ + apatite), and YSZalusil (YSZ + alumina +
silica) to emphasize the relevance of dominant phases
present in these materials.
The different compositions were processed by a
conventional ceramic route including powder milling,
pressing, and solid-state reaction at 1,873 K for 10 h
after heating at a rate of 5 K/min. In the case of YSZ with
addition of both La2O3 and SiO2, attempts to prepare dense
samples, by simple milling of powder mixtures with
subsequent pressing and sintering, failed. This was due to
combination of lanthanum oxide with water vapor and/or
carbon dioxide in the course of processing; the decompo-
sition of lanthanum hydroxide and/or carbonate on heating
resulted in cracking of the ceramic samples. These samples
were thus prepared using one additional thermal treatment
of the oxide powder mixtures, consisting of prereaction and
passivation at 1,223 K for 5 h; then, the powder mixtures
were compacted and sintered.
All samples were characterized by scanning electron
microscope (SEM)/energy dispersive spectroscopy (EDS),
X-ray diffractometry (XRD), and impedance spectroscopy
in air to try to identify possible correlations between phase
composition, microstructure, and electrical properties. The
XRD patterns were collected at room temperature using a
Rigaku D/MAX-B diffractometer (CuKα , 2θ=10–100 °,
step 0.02 °, 1 s/step). The microstructure was examined
using a Hitachi S-4100 SEMwith a Rontec UHV Detection
System for the EDS. The temperature dependencies of the
total conductivity (σ) were measured by AC impedance
spectroscopy (HP4284A precision LCR meter, 20 Hz–
1 MHz), and the values of the activation energy (Ea) were
calculated by the standard equation:
σ ¼ σ0=Tð Þ: exp Ea=RTð Þ; (1)
where σ0 is the preexponential factor.
Results and discussions
SiO2-rich samples
The formation of apatite from reaction between silica and
lanthanum oxide was confirmed by XRD, as shown in
Fig. 1. However, the XRD data were not enough to
demonstrate single formation of the pyrochlore phase due
to significant overlap of major peaks of this phase with
those of other phases which may present in the composite
electrolytes. At the same time, there is also free SiO2
present in the apatite-containing sample. This might
indicate that a small amount of lanthanum oxide indeed




















Fig. 1 XRD pattern of fired samples with nominal compositions:
a YSZapat; b YSZsil; c YSZ. The identification of the relevant
phases is shown in the inset, and the meaning of the short
designations can be found in the main text
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reacted with zirconia to form the pyrochlore phase, leaving
some free silica.
The lattice parameters of YSZ-derived compositions
(Table 1) show negligible changes with nominal composi-
tion. In the case of SiO2 additions, the only expected effect
would be a loss of yttrium to the silica-based secondary
phase due to lixiviation. The impact of such a loss would be
a decrease in the YSZ lattice parameter, as large Y3+
cations occupy substitutional positions with respect to the
smaller Zr4+ cations. No effect is noticed suggesting
negligible loss of the dopant cation. In the case of mixtures
with lanthanum oxide, a slight decrease in lattice parameter
might suggest some loss of yttrium, but the magnitude of
this effect is again quite small.
Microstructures of these samples, in Fig. 2, show rather
significant differences. The classical and regular micro-
structure of pure YSZ (Fig. 2c) shifts to almost isolated
YSZ grains surrounded by silica (Fig. 2b) or to a composite
material with dispersed grains of apatite (Fig. 2a), as
discussed during the analysis of the XRD data. The average
grain size of YSZ is roughly preserved irrespective of the
phase composition.
The electrical characterization of these samples was able
to provide additional information on the likely interaction
between precursors during high-temperature processing.
Figure 3 shows the impedance results obtained for all
samples at 350 °C. The 1 and 10 kHz data points were
highlighted as large filled symbols. Pure YSZ shows an
almost perfect and complete arc at high frequency, with
negligible evidence of the grain boundary contribution, as
expected for the high quality of these powders. The small
grain boundary contribution is probably masked by the
electrode response, as suggested by the change in slope of
the low-frequency data in the vicinity of the 1-kHz
frequency. In fact, the upper branch of the lower frequency
response is clearly related to the electrode process,
considering the frequency range involved.
The silica-rich sample shows again one well-defined
high-frequency arc (due to bulk effects), almost coincident
with the pure YSZ bulk arc. One second well-defined but
depressed arc can be found at lower frequencies, in this
case related to YSZ-silica interfacial effects, considering
the frequency range involved (the high-frequency intercept
with the real axis corresponds to a frequency in the order of
10 kHz). This type of behavior of zirconia-based
composites with grains covered by a silica-based phase is
coherent with previously reported results on the perfor-
mance of YSZ-glass composites [29,30]. The composite with apatite shows a broad and lightly
depressed high-frequency arc, followed by a much smaller
low-frequency arc, related to interfacial effects (grain
boundary), considering the frequency range involved. The
apparent drop in bulk conductivity (by a factor of about 2)
with respect to the remaining compositions is hardly
understood as a consequence of changes in the YSZ bulk
composition, as already discussed based on XRD data. One
likely explanation for this apparent drop in conductivity
would be the formation of a thin pyrochlore layer in-
between YSZ grains, blocking the ionic transport. In fact,
the conductivity of lanthanum zirconate is orders of
Fig. 2 Microstructure of samples (high silica content series)
corresponding to the following nominal compositions: a YSZapat;
b YSZsil; c YSZ. The meaning of the short designations can be
found in the main text
Table 1 Characteristics of YSZ and YSZ-based composites based










YSZ 0.51437 5.55 96±3 (473–1,023 K)
YSZsil 0.51438 5.49 91±4 (473–1,073 K)
YSZapat 0.51434 5.26 99±3 (523–1,223 K)
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magnitude lower than that of YSZ, and extremely thin
layers would determine this type of response. Also, in other
systems where YSZ reacts with lanthanum-containing
materials (e.g., the already mentioned LSM and LSC),
there is a clear tendency for the formation of continuous
thin zirconate layers between the reactants, easily detected
by electrical measurements, well-before being noticed by
SEM or XRD.
Literature data on the conductivity of apatite-type
La9.33Si6O26, which is expected to form in the composite
electrolyte, are also contradictory. Tao and Irvine [17]
reported relatively poor transport properties for this phase,
with high cation deficiency and low concentration of
interstitial oxygen; other authors observed one conductiv-
ity level comparable to YSZ [18]. In the case of significant
compositional deviations, further drop in conductivity of
the apatite phase may be expected. All these effects would
contribute to the observed loss in conductivity.
Lastly, the small grain boundary response suggests the
effectiveness of lanthanum oxide additions to clean grain
boundaries by combination with silica.
Figure 4 shows the total conductivity of all samples in a
typical Arrhenius-type plot. The total conductivity was
obtained, as usual, after fitting experimental data to an
equivalent circuit comprising two RQ elements (related to
the grain and grain boundary contributions), and one
additional contribution related to the electrode process. R
and Q stand for resistance and constant phase element.
Literature data on La9.33Si6O26 are presented for compar-
ison [17, 18]. The already discussed drop in total conduc-
tivity for composites, due to the high interfacial YSZ-silica
impedance, formation of thin pyrochlore resistive layers,
and/or poor transport properties of the formed silicate solid
solution, prevents the use of these heavily doped materials
as an alternative to pure YSZ up to typical SOFC working
temperatures.
Overall, the impedance spectra together with SEM and
XRD suggest that the basic idea behind the utilization of
lanthanum oxide to combine with silica was effective,
although the formation of lanthanum zirconate partly
cancelled the positive effect of this solution.
Lightly SiO2-doped samples
The second set of samples was based on light silica
additions, in the order of 0.5 mol%. The corresponding
microstructures can be seen in Fig. 5. A fast comparison
between microstructures shown in Figs. 1 and 5 is enough
to highlight the need for high levels of silica additions to
obtain clear microstructural effects, namely visible forma-
tion of new phases. Samples with silica and silica +
alumina shown in Fig. 5 only suggest the presence of
isolated spots of secondary phases along the grain
boundaries and close to triple contact points between
YSZ grains. The sample with silica + lanthanum oxide
suggests a more diluted distribution of secondary phases.
In fact, their presence is hardly noticed. No attempt was
made to identify the presence and/or formation of second-
ary phases by XRD, considering the expected low content
of these phases, and that all results should obey the
tendencies already discussed for the first set of samples.
The electrical characterization of all these samples
provided again additional information on phase interaction
(Fig. 6). The identification of the relevant contributions is
again obvious from the frequency ranges involved. Both
high-frequency and low-frequency arcs correspond to
equivalent phenomena irrespective of the sample composi-
tion. Bulk effects dominate at high frequency, and inter-
facial effects dominate in the lower frequency range. All
spectra end at extreme low frequencies with vestiges of the
so-called electrode response.
Single silica additions and combined silica and alumina
additions provide identical performance in the entire
frequency range, with a slight benefit for the material
with alumina, as expected for the well-documented scav-
enger effect. These impedance spectra in fact suggest the
typical performance of one electrolyte with modest levels
of impurities and relatively clean grain boundaries. Over-

















Fig. 3 Impedance plot at 623 K, in air, of samples shown in Fig. 2.
Large filled symbols correspond to data points close to 1 and
10 kHz. The meaning of the short designations can be found in the






















S.Tao and J.Irvine (sintered at 1673 K, 20 h)
H.Yoshioka (sintered at 2023 K, 12 h)
Fig. 4 Arrhenius plot of total conductivity in air, of samples shown
in Fig. 2. The meaning of the short designations can be found in the
main text Data on La9.33Si6O26 are shown for comparison [17, 18]
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all, the grain boundary arcs are more visible than for pure
YSZ (shown in Fig. 3), but still within reasonable limits.
Again, the composition including the apatite phase
shows a large bulk arc and a modest grain boundary arc. As
observed for the samples with high silica content, the
presence of a thin pyrochlore layer in-between YSZ grains
should be considered to explain the presence of this
relatively large high-frequency arc. Furthermore, compar-
ison of these data with Fig. 3 shows that the bulk arcs now
are within a smaller range. This is coherent with the overall
smaller content in lanthanum oxide, which is responsible
for the reaction with YSZ to form the zirconate phase.
Final comments
Microstructures are important in ceramics in general but, in
the case of composites, microstructure–property relation-
ships are even more relevant. The presence, formation,
content, and location of secondary phases might determine
a completely different set of properties with respect to a
single phase material. The basic idea behind the coaddition
of silica and lanthanum oxide to YSZ was the demonstra-
tion of an alternative, and more effective solution, to the
scavenger effect observed in the combined presence of
silica and alumina. This work fully demonstrated the
effectiveness of this approach although interaction between
zirconia and lanthanum oxide was found prevailing and
detrimental due to formation of lanthanum zirconate. This
second effect is responsible for enhanced ohmic losses with
respect to pure YSZ. However, the grain boundary
contribution, also present in this case, decreased signifi-
cantly, showing the potential of this type of approach and
opening directions for other developments.
The present results might be improved with other firing
schedules (time and temperature) considering the com-
bined role of kinetics and thermodynamics in the global
result. This was not yet attempted. However, one indirect
consequence of this work is the possible search for systems
where phase interaction might be limited. One obvious case
is testing the same approach with ceria-based electrolytes.
Formation of compounds with cerium and lanthanum is
unlikely. Therefore, the single effect due to formation of the
apatite phase might be exploited in better circumstances in
this case.
Depending on the exact location of these secondary
phases in the composite materials, additional directions for
research can be envisaged. As an example, electron-
blocking effects might be obtained if one apatite phase
fully covers the ceria-based grains, as in core-shell
microstructures. In fact, several apatites show modest
levels of electronic conduction when compared to ceria-
based electrolytes. This would be a rather interesting
alternative to planar double-layer electrolyte cells con-
ceived to control the negative role of enhanced electronic
conductivity in ceria-based electrolytes at high temperature
Fig. 5 Microstructure of samples (low silica content series)
corresponding to the following nominal compositions: a YSZapat;
b YSZalusil; c YSZsil. The meaning of the short designations can be
found in the main text















Fig. 6 Impedance plot at 623 K, in air, of samples shown in Fig. 5.
Large filled symbols correspond to data points close to 1 and
10 kHz. The meaning of the short designations can be found in the
main text
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and under reducing conditions [31,32]. Microstructural
development of novel types of composite electrolytes is
thus believed to be a promising field for further research.
Conclusions
Silica and lanthanum oxide joint additions to YSZ were
involved in the formation of new phases, namely one
apatite (nominal composition La9.33Si6O26) and one
pyrochlore (nominal composition La2Zr2O7), as suggested
from combined analysis of XRD, SEM, and impedance
spectroscopy data. The formation of these new phases
demonstrated the potential of different combinations of
materials to improve or change the base material
performance in ways similar to the scavenger effect, well
documented in the case of combined presence of silica and
alumina. While the overall performance of the composites
now studied was lower than desirable, the effectiveness of
the procedure can be extended to other systems and
combinations of properties.
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